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ABSTRACT
We present new 12CO(J = 1− 0) observations of Henize 2-10, a blue compact dwarf galaxy about
8.7 Mpc away, taken with the Atacama Large Millimeter Array. These are the highest spatial and
spectral resolution observations, to date, of the molecular gas in this starburst galaxy. We measure a
molecular mass of (1.2±0.4)×108 M in Henize 2-10, and 75% of the molecular gas mass is contained
within the northern region of the galaxy near the previously identified young super star clusters, which
has a projected size of about 300 pc. We use the CPROPS algorithm to identify 119 resolved giant
molecular clouds distributed throughout the galaxy, and the molecular gas contained within these
clouds make up between 45 to 70% of the total molecular mass. The molecular clouds in Henize 2-10
have similar median sizes (∼ 26 pc), luminous masses (∼ 4 × 105 M), and surface densities (∼ 180
M pc−2) to Milky Way clouds. However, Henize 2-10 clouds have velocity dispersions (∼ 3km s−1)
about 50% higher than those in the Milky Way. We provide evidence that Henize 2-10 clouds tend
to be in virial equilibrium, with the virial and luminous masses scaling according to Mvir ∝M1.2±0.1lum ,
similar to clouds in the Milky Way. However, we measure a scaling relationship between luminous
mass and size, Mlum ∝ R3.0±0.3, that is steeper than what is observed in Milky Way clouds. Assuming
Henize 2-10 molecular clouds are virialized, we infer values of the CO-to-H2 conversion factor ranging
from 0.5 to 13 times the standard value in the Solar Neighborhood. Given star formation efficiencies
as low as 5%, the most massive molecular clouds in Henize 2-10 currently have enough mass to form
the next generation of super-star clusters in the galaxy.
Subject headings: galaxies: dwarf — galaxies: individual (Henize 2-10) — galaxies: star formation —
ISM: clouds — ISM: molecules — galaxies: starburst
1. INTRODUCTION
Among the many reasons why dwarf galaxies are so fas-
cinating is that the conditions for star formation in these
galaxies are quite unlike local conditions in the Milky
Way. A star born in a dwarf galaxy—with its low stellar
mass (. 109M) and often comparatively gas-rich inter-
stellar environment (e.g., Mateo 1998)—may have been
reared much differently than a typical star born inside
the spiral arm of a larger galaxy. This is because galac-
tic environment may play a substantial role in shaping
the properties and evolution of giant molecular clouds
(GMCs; e.g., Hughes et al. 2013; Colombo et al. 2014;
Utomo et al. 2015; Sun et al. 2018), the massive, cold
reservoirs of molecular gas that set the stage for the ini-
tial conditions of star formation.
Within the family of dwarf galaxies, of particular inter-
est are blue compact dwarfs such as Henize 2-10. With
their small sizes (e.g., Thuan 1991), high current star
formation rates (Fanelli et al. 1988; Thuan et al. 1999),
high surface brightness, and compact star-forming re-
gions (e.g., Kunth et al. 1988; Papaderos et al. 1996;
Thuan et al. 1999), starbursting dwarfs represent ex-
treme star-forming environments that may be emblem-
atic of the Universe’s earliest galaxies (Sargent & Searle
nimara@cfa.harvard.edu
1970). The compact dwarf irregular Henize 2-10 has cap-
tured the interest of astronomers for decades. First dis-
covered in an Hα survey by Henize (1967), Henize 2-10
was only later identified as an extragalactic system (Kon-
drat’eva & Kondratjeva 1972). In this paper, we present
new observations of the molecular, star-forming environ-
ment of Henize 2-10, whose properties are summarized in
Table 1. Our study is part of the broader effort to under-
stand how galactic environment shapes star formation at
its earliest stages.
Henize 2-10 is located in the constellation Pyxis at a
distance of 8.7 Mpc (Tully 1988). The galaxy is undergo-
ing a major starburst, with a star formation rate (SFR)
of 1.9 M yr−1 (Reines et al. 2011). The starburst activ-
ity is concentrated in two regions, called “A” and “B,”
following the nomenclature of Vacca & Conti (1992). The
regions have a projected separation of 8′′ (∼ 340 pc;
Vacca & Conti 1992). These compact regions contain
hundreds of supergiants and tens of super-star clusters
(SSCs; Johnson et al. 2000), which are thought to be
common in merging galaxies and which may be the pre-
cursors to globular clusters (e.g., Harris 2003). The two
regions have been the subject of numerous spectroscopic
studies (e.g., Vacca & Conti 1992; Johnson et al. 2000),
and radio and infrared observations have revealed the
presence of SSCs still enshrouded in interstellar material
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Table 1: Properties of Henize 2-10.
Property Value Reference
Distance 8.7 Mpc 1
Absolute B magnitude −18.1 2
12 + log(O/H) 8.55± 0.02 3
Size (major×minor) 1.′9× 1.′4 4
Stellar mass 3.7× 109M 5
Dynamical mass (6.3± 3.2)× 109 M 6
FIR luminosity 4.6× 109 L 4
SFRFIR 0.79 M yr−1 4
SFRHα 1.9 M yr−1 5
H I mass 3.1× 108M 7
H2 mass (1.2± 0.4)× 108 M This work
Molecular depletion time 0.15 Gyr This work
References. (1) Tully (1988); (2) Johansson (1987); (3) Es-
teban et al. (2014); (4) Madden et al. (2014); (5) Reines et al.
(2011); (6) Baas et al. (1994); (7) Sauvage et al. (1997)
Note. The molecular gas depletion time is defined: τdep ≡
MH2/SFR.
(Kobulnicky et al. 1999; Turner et al. 2000). The high far
infrared luminosity of the starburst led Johansson (1987)
to suggest that Henize 2-10 is a merger of two dwarf
galaxies. On the basis of extended, tail-like features ob-
served in both CO and H I, a study by Kobulnicky et al.
(1995) lent further credence to this view. More recently,
Reines et al. (2011) and Reines & Deller (2012) identi-
fied a low-luminosity active galactic nucleus (AGN) co-
incident with the dynamical center of the galaxy, making
Henize 2-10 the first known dwarf galaxy to host a su-
permassive black hole.
All in all, with its intense star formation activity, high
gas content (e.g., Kobulnicky et al. 1995), and AGN
candidate, Henize 2-10 may be similar in some ways to
the Universe’s earliest star-forming environments. High-
resolution observations of this galaxy thus provide a
unique window into the physical conditions thought to
be prevalent at higher redshift.
A number of previous authors have observed Henize
2-10 in several millimeter lines, including carbon monox-
ide (CO), the most observationally accessible tracer of
molecular gas, especially in external galaxies. Baas et al.
(1994) and Kobulnicky et al. (1995) detected CO(1-0)
emission in Henize 2-10, with the latter study revealing
an elongated ”tail” of molecular gas in the south-east,
suggestive of a galaxy merger. Neither of these studies
had sufficient angular resolution to identify GMC-scale
structure in the interstellar medium. Higher transitions
of CO have also been detected (Baas et al. 1994; Kob-
ulnicky et al. 1995; Meier et al. 2001; Bayet et al. 2004;
Santangelo et al. 2009). Of these studies, only Santan-
gelo et al. (2009) had high enough angular resolution
(1.′′9× 1.′′3) to begin revealing the complex spatial struc-
ture of the ISM in Henize 2-10 and estimating properties
of the galaxy’s largest GMCs. However, these observa-
tions did not recover the elongated tail detected by Kob-
ulnicky et al. (1995).
Tracers of high density molecular gas in Henize 2-10
were observed by Imanishi et al. (2007), Santangelo et al.
(2009), Vanzi et al. (2009), and most recently by Johnson
et al. (2018). Johnson et al. (2018) imaged and detected
the HCN(1-0), HNC(1-0), HCO+(1-0), and CCH(1-0)
lines at a resolution of 1.′′7×1.′′6, finding no evidence that
regions associated with SSCs have preferentially larger
line widths. From their investigation of the relation-
ship between CO(2-1) luminosity and line width, John-
son et al. (2018) suggested that Henize 2-10 molecular
clouds either have radii of ∼ 8-32 pc, or instead, they
may be larger but—possibly because of a high-pressure
environment—have enhanced line widths.
This work presents new 12CO(1-0) observations of
Henize 2-10 taken with the Atacama Large Millimeter
Array (ALMA). With the highest resolution and great-
est sensitivity millimeter-wave data to date, we map the
distribution of molecular gas in Henize 2-10 with un-
precedented detail. With our resolution of ∼ 26 pc, we
also identify GMCs, which in the Milky Way and other
galaxies tend to range in size from ∼ 20 to 100 pc (e.g.,
Bolatto et al. 2008; Heyer & Dame 2015). Our main
goals are to (1) use this exquisite data set to identify
molecular clouds; (2) characterize their properties; and
(3) discover whether and why there are differences be-
tween stellar nurseries in Henize 2-10 and the Milky Way
and other galaxies.
In Section 2 we provide an overview of our observa-
tions. In Section 3 we describe the global properties of
the molecular gas, including the dynamics. In Section
4 we identify GMCs in Henize 2-10, characterize their
properties, and compare these properties with those of
molecular clouds in other galaxies. We further discuss
our results in Section 5 and summarize our conclusions
in Section 6.
2. OBSERVATIONS
We obtained ALMA Cycle 4 observations (project
code 2015.1.01569.S; PI: Nia Imara) in the CO(1-0) line
at 115.2712 GHz towards Henize 2-10 in July and Au-
gust 2016. A single position (08h36m15.s20,−26◦24′34.′′0
[J2000]) was observed. The ALMA 12-m array was in
configuration C36-4 for the two observing nights, with
36 antennas each night, arranged with baselines from 15
m to 1124 m, implying a minimum angular resolution of
0.′′48 and a maximum recoverable scale of 6.′′7 (at 115.27
GHz). The half-power beamwidth for the 12-m array
was 50.′′7. Table 2 summarizes the observing dates, con-
ditions, and calibrators.
The ALMA Band 3 correlator was set up to have a
velocity resolution of 244.141 kHz (0.637 km s−1) and
a bandwidth of 469 MHz, centered at 114.936 GHz to
cover the 12CO(1-0) line, adjusted for the galaxy’s LSR
velocity of 856 km s−1 (Kerr & Lynden-Bell 1986).
Our data were processed and imaged using the Com-
mon Astronomy Software Applications (CASA) pack-
age1. The North American ALMA Science team used
CASA version 4.5.3 to manually calibrate the data. We
summarize the data processing steps as follows. First,
there were basic flagging operations, including autocor-
relation, shadowed antenna, and edge channel flagging.
Next, a system temperature (Tsys) calibration table was
generated and deviant Tsys measurements were flagged.
Then the antenna positions were calibrated, followed by
atmospheric calibration using the Water Vapor Radiome-
ter data. Finally, the bandpass, flux, and gain calibra-
tions were performed.
We imaged our data in CASA using the multiscale
CLEAN algorithm. This method, which searches for
emission at a range of spatial scales, has been shown to do
well at recovering extended emission, reducing the depth
1 http://casa.nrao.edu
3Table 2: Observation Summary.
Date 2016 July 31 2016 Aug 2
On-source time 31.75 min 31.75 min
Number of Antennas 36 36
Average Tsys 98.65 K 95.94 K
Mean precipitable water vapor 1.98 mm 0.87 mm
Bandpass calibrator J1037-2934 J1037-2934
Flux calibrator J1037-2934 J1107-4449
Phase calibrator J0826-2230 J0826-2230
Pointing calibrators J0826-2230, J1037-2934 J0826-2230, J1037-2934
Fig. 1.— Composite 12CO spectrum of Henize 2-10.
of negative emission features, and eliminating low-level
flux missed by standard CLEAN algorithms, which only
clean point source scale emission (e.g., Rich et al. 2008).
With the aim of measuring the CO-derived properties of
molecular clouds, natural weighting was chosen in order
maximize sensitivity. We detected continuum emission
with a total flux of about 25 mJy and subtracted this
from the line emission in the visibility domain. Our pro-
cess for imaging the CO line took several steps: first, we
first examined each of the 200 1 km s−1 velocity channels
around the systemic velocity of Henize 2-10 to determine
where significant emission is arising from spatially. Next,
a mask was drawn around all the significant and coher-
ent emission. This mask was then used to deconvolve all
image planes. Finally, we applied a primary beam cor-
rection, though we note that since most of the emission
is concentrated in the central portion of the image, the
effect on our measured flux is minimal. The final data
cube has voxels with dimensions of 0.′′1× 0.′′1× 1 km s−1
and a spatial extent of 51′′. The synthesized beam was
measured to be 0.′′67× 0.′′58, corresponding to a physical
resolution of 28pc× 24pc at the distance to Henize 2-10.
The rms sensitivity is 3.7 mJy per 1 km s−1 channel.
3. GLOBAL PROPERTIES OF MOLECULAR GAS
3.1. Dynamics
Figure 1 shows the observed integrated 12CO(1-0)
spectrum of Henize 2-10 in units of brightness temper-
ature, TB , constructed simply by averaging TB across
the image (displayed in Figure 2) in each channel. The
profile is asymmetric, similar to those presented by Baas
et al. (1994), Kobulnicky et al. (1995), and Santangelo
et al. (2009).
We fit a Gaussian to the spectrum, determining a sys-
tematic central velocity of the molecular gas of about 843
km s−1, occurring at a peak temperature of (2.37±0.03)
K. The fit gives a gas velocity dispersion of 24.60± 0.31
km s−1and a total integrated CO intensity of ICO =
146± 3 K km s−1.
Figure 2 displays the 12CO integrated intensity map,
integrated over the velocity range 780 to 930 km s−1.
The morphology of the molecular gas is complex, having
a clumpy distribution, several ring-like structures, and
high-intensity knots connected by diffuse regions. We
detect virtually no CO emission associated with starburst
region B, while the nominal center of region A is situated
near the edge of what appears to be a ring or arc of gas.
We note that the coordinates (J2000) of region
A (8h36m15.s14, −26◦24′34.′′0; Johnson et al. 2000),
of the AGN (08h36m15.s12, −26◦24′34.′′157; Reines &
Deller 2012), and of the nominal center of the galaxy
(08h36m15.s13, −26◦24′33.′′77; Evans et al. 2010) are all
nearly coincident. These positions all coincide with the
third of five ultra-compact radio knots identified by Kob-
ulnicky & Johnson (1999). Moreover, the brightest (Hα
equivalent widths greater than 100 A˚), youngest (. 10
Myr) SSCs identified by Johnson et al. (2000) are in re-
gion A, which these authors interpret as the center of
starburst activity in Henize 2-10. Hereafter, we will re-
fer to ”region A” and ”the center” of Henize 2-10 inter-
changeably.
In Figure 3 we display twenty 5 km s−1-wide velocity
channel maps, from 805 to 900 km s−1. The color scale
in each channel goes from 0.5σrms to 2.25σrms, where
σrms = 14.7 K km s
−1 is the rms noise level of the in-
tegrated intensity map of the entire galaxy (Figure 2),
integrated over the full range of velocities. The bulk
of the molecular gas emits strongly between about 820
to 875 km s−1. The tidal feature appears at ∼ 805-845
km s−1 and reaches a peak intensity at about 820-825
km s−1. Arising prominently in the last row of channel
maps are two compact regions of gas, located at R.A. =
8h36m15.s0, Dec. = −26◦24′33.′′5 and R.A. = 8h36m15.s4,
Dec. = −26◦24′38.′′6. These two knots are redshifted
from the systematic velocity (∼ 834 km s−1) at which
the bulk of the molecular gas is moving.
In Figure 4 we present a map of the CO velocity field.
Individual channel maps used to create this intensity-
weighted first moment map were clipped at 3σ (11
mJy/beam). One immediately notices in Figure 4 that
the velocity field is not monotonic, as Kobulnicky et al.
(1995) also observed. The same authors proposed that
despite some variations, Henize 2-10 has an overall, rel-
atively smooth velocity gradient that could be due to a
large-scale molecular bar or disk. To assess the rotation
curve in the inner regions of the galaxy near starburst A,
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Fig. 2.— Total integrated intensity (zeroth moment) ALMA
12CO(1-0) map of Henize 2-10. The color bar gives the intensity
in K km s−1. The 0.′′48 × 0.′′58 synthesized beam is indicated in
the lower left. The two × symbols represent the nominal centers
of starburst regions A and B.
Kobulnicky et al. (1995) constructed a position-velocity
diagram by taking a 4′′ wide slice passing through the
center of starburst A at a position angle of 130◦, which
they determine is the direction of the steepest gradi-
ent. They then estimated a dynamical mass of 3.2× 106
M within a 70 pc radius of the optical center. Using our
new ALMA data, we estimate the direction of the steep-
est gradient by fitting a plane to the intensity-weighted
first-moment map of velocity centroids, following Imara
& Blitz (2011). We perform the fit on the northern re-
gion of the galaxy, defined above. In this manner, we
estimate the angle of the steepest gradient to be 143◦.
In Figure 5, we display a position-velocity diagram con-
structed by taking a 4′′ wide slice passing through the
center of starburst A at a position angle of 143◦. The
velocity profile is roughly linear within 3′′ of starburst re-
gion A, indicating that the gas motions are schematically
consistent with solid body rotation in this region. To
further emphasize the roughly linear trend, we also over-
plot the intensity-weighted radial velocities as a function
of radial offset, binned every 0.′′5. We perform a least-
squares fit to the binned velocities within 70 pc (1.7′′) of
starburst region A, and we measure a velocity gradient
of 7.8 km s−1′′−1, corresponding to a velocity difference
of ∆V = 13 km s−1 within the inner 70 pc. This implies
a dynamical mass, Mdyn = (RV
2/G)/(sin i)2—where i
is the inclination of the region with respect to the line
of sight—of 2.7 × 106 M. This is similar to the dy-
namical mass reported by Kobulnicky et al. (1995), who
assumed a velocity difference of 14.1 km s−1, although
their coarser resolution data could not resolve the inner
70 pc. Since we assume edge-on rotation (i = 90◦), our
estimate of the dynamical mass is a lower limit. For in-
stance, inclinations of 45◦ or 30◦ would yield dynamical
masses of 5.5× 106 and 1.1× 107 M, respectively. We
note, however, that if the gas dynamics are governed by
phenomena other than rotation, such as supernova- or
bar-driven outflows, or if the CO emission does not trace
the gravitational potential of the stars, then the dynam-
ical mass may be overestimated by our assumption of
solid body rotation.
Johnson et al. (2000) obtained UV spectra of starburst
region A, taken with the Hubble Space Telescope God-
dard High Resolution Spectrograph. Using population
synthesis modeling, they inferred a total stellar mass of
1.6-2.6 × 106 M. Reines et al. (2011) argued that the
radio source in the region is likely due to an actively ac-
creting supermassive black hole (SMBH) with a mass of
2 × 106 M. But Cresci et al. (2017) recently disputed
this conclusion, concluding from new MUSE data that
an outflow from a starburst provides a better explain for
the dynamics of the region. Thus, if our interpretation
of the velocity gradient is correct, then the star clusters
and (potential) SMBH contribute most, if not all, of the
total dynamical mass in the inner 70 pc around region
A—if the rotating structure is edge-on. But we know
that the total molecular mass within 70 pc is 6.0 × 106
M. Thus, given the combined mass of the stars, black
hole candidate, and gas in this region, we can constrain
the inclination angle of the rotation to be no more than
31◦-35◦. Additional contributions to the total mass in
this region—coming from, for instance, obscured stars,
atomic gas, and dust (e.g., Vacca et al. 2002)—would
result in lower values for the inferred inclination.
3.2. Molecular Mass
We calculate the total luminous molecular mass Mtot
by summing over all pixels in the integrated intensity
map shown in Figure 2, as follows:
Mtot =
(∑
Ipixδxδy
)
D2 ×XCO × 1.36×mH2 , (1)
where Ipix is the CO integrated intensity of a pixel, the
δ terms are the pixel sizes, D is the distance, mH2 is the
mass of an H2 molecule, and the factor of 1.36 is included
to account for helium.
Converting from CO intensity to H2 column density
N(H2) requires a CO-to-H2 conversion factor,
XCO ≡ N(H2)/ICO. (2)
Equivalently, αCO = Mlum/LCO. In the Milky Way
Galaxy, a typical conversion factor is XCO = 2 ×
1020cm−2 (K km s−1)−1 (equivalently, αCO = 4.35
M (K km s−1 pc2)−1; Dame et al. 2001; Bolatto et al.
2013). Assuming this value for Henize 2-10 yields a
molecular gas mass of (1.2 ± 0.4) × 108 M. This
value is in agreement with that obtained by Kobul-
nicky et al. (1995, 1.5 × 108M when scaled to 8.7
Mpc), who used a larger CO-to-H2 conversion factor
of XCO = 3 × 1020 cm−2 (K km s−1)−1. If we apply
the larger conversion factor to our observations, we get
Mmol = (1.8±0.6)×108M, still entirely consistent with
Kobulnicky et al. (1995).
We also construct a masked version of the cube that
should contain only robustly identified CO emission. To
do this, we start with the non-primary beam corrected
cube and seed the mask by identifying pairs of channels in
5Fig. 3.— ALMA 12CO channel maps with velocity widths of 5 km s−1, shown in color. The color scale goes from 0.50σrms to 2.25σrms,
where σrms = 14.7 K km s−1 is the rms noise level of the intensity map of the entire galaxy, integrated over the full velocity range. For
context, the contour map shows the structure of the entire galaxy integrated over all velocities.
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a given pixel with signal > 5σpix, where σpix is the RMS
noise for that pixel. We then expand the mask from these
seeds to incorporate all emission connected to the initial
maxima having intensities > 1.5σpix. Experiments with
the exact values of these seeding and edge thresholds
suggest that this particular combination best allows for
inclusion of all real emission while excluding noise peaks
and removing any remaining imaging artifacts. We then
apply the primary beam correction to this masked cube,
and create a masked integrated intensity image using the
same procedure described above. Since this approach
includes only robustly identified signal, this is the version
of the integrated intensity map we use to calculate the
average surface densities as discussed below.
The bulk of the molecular gas, about 75% by mass, re-
sides in the northern region of the galaxy, which we define
as that west of 08h36m14s.96 and north of −26◦24′34.6.′′2.
The mean integrated intensity of the north region is
50.4 K km s−1, which corresponds to an average molec-
ular gas mass surface density of 219 M pc−2 (assuming
the Milky Way αCO).
In the southern part of the galaxy, there is an extended
stream of gas about 7.′′6 long, which corresponds to 320
pc assuming a distance of 8.7 Mpc. In the image of the
12CO intensity map (Figure 2), one sees that this ex-
tended stream is not associated with the starburst re-
gions. We define the stream as the remaining significant
emission outside the northern region as defined above.
This stream is significantly more diffuse than the main
part of the galaxy, having an average integrated inten-
sity of 22.2 K km s−1, corresponding to Σ ≈ 97M pc−2,
assuming a Galactic CO-to-H2 conversion factor. Kobul-
nicky et al. (1995) first observed this feature and argued
that it may be a tidal tail resulting from a merger of two
dwarf galaxies.
Metallicity is expected to influence the CO-to-H2 con-
version factor, with αCO decreasing as metallicity in-
creases (see Bolatto et al. 2013, and references therein).
A wide range of gas phase metallicities have been re-
ported in the literature for Henize 2-10, reflecting the
familiar problem of different metallicity calibrations lead-
ing to conflicting results (e.g., Kewley & Ellison 2008).
Vacca & Conti (1992) used long-slit spectroscopic obser-
vations of starburst regions A and B, yielding sub-solar
metal abundances of 12 + log(O/H) = 8.06 (0.23Z)
and 8.61 (0.83Z), respectively.2 In contrast, Kob-
ulnicky et al. (1999) derived a super-solar metallicity
of 12 + log(O/H) = 8.93 (1.7Z) from the integrated
emission-line spectrum of Henize 2-10. Cresci et al.
(2017) conducted observations of Henize 2-10 with the
Multi Unit Spectroscopic Explorer (MUSE; Bacon et al.
2010) optical integral field spectrometer, and they used
photoionization models to constrain multiple emission-
line ratios simultaneously. These authors derived a spa-
tially resolved map showing a large metallicity gradient
across the galaxy, with the central starburst region A
having super-solar metallicity and the outer regions of
the galaxy having metallicity as low as 12 + log(O/H) ≈
8.3
Esteban et al. (2014) conducted observations of
2 Metallicity is defined here as the abundance of oxygen with
respect to hydrogen, Z = O/H. Following Asplund et al. (2009),
we assume (O/H) = 4.90× 10−4; i.e., 12 + log(O/H) = 8.69.
Fig. 4.— Intensity-weighted velocity (first moment) map of
Henize 2-10. The color bar represents LSR velocities in units of
km s−1.
Henize 2-10 with a high-sensitivity echelle spectrograph
on the Very Large Telescope. They took spectra in a
8′′ × 3′′ box in the brightest optical region of the galaxy,
centered at (08h36m15,−26◦24′33 [J2000]). In contrast
to most of the other studies discussed above, Esteban
et al. (2014) detected the [O III]4363 auroral line, which
allows a determination of the electron temperature and
thus the ionization parameter, and thus ultimately a bet-
ter constraint on the oxygen abundance. We take their
resulting measurement of 12 + log(O/H) = 8.55 ± 0.02
(∼ 0.7Z) to be the most reliable in the literature and
adopt this as the average metallicity for Henize 2-10,
while acknowledging that the galaxy may have a metal-
licity gradient. If Henize 2-10 does indeed have such a
gradient, it is likely that the CO-to-H2 conversion fac-
tor varies across the galaxy as well. In the case that
the metallicity is sub-solar on average, implying a higher
CO-to-H2 conversion factor the the typical Milky Way
value we use here, it may be that we underestimate the
molecular mass (though note that the conversion factor
may also potentially be lower due to the starburst nature
of the galaxy; see Section 4.6.2 for more discussion).
4. GMC IDENTIFICATION AND PROPERTIES
In this section, we describe how we identify individ-
ual molecular clouds in Henize 2-10, measure their prop-
erties, and compare them with clouds in other galax-
ies. Our comparison sample was selected to include a
wide range of galactic environments. To provide as rel-
evant a comparison as possible, we selected our sample
from studies whose original observations have compara-
bly high spatial resolution, high surface brightness sen-
sitivity, and which used similar cloud identification algo-
rithms to ours. Note that throughout this paper we will
use the terms ”cloud” and ”GMC” interchangeably.
4.1. GMC Identification
7Fig. 5.— Position-velocity diagram of Henize 2-10 obtained from
a 4′′-wide slice through the data cube along a position angle of
143◦, centered on starburst region A. The contour levels go from
15% to 85% of the peak flux, in steps of 10%. Overplotted are the
binned radial velocities as a function of radius (square symbols),
in bins of 0.′′5. The vertical lines correspond to a radial offset
from the optical center of 70 pc. The solid line is the best fit to
the binned data within the inner 70 pc and has a slope of −7.8
km s−1arcseconds−1.
To identify and characterize GMCs, we used the
CPROPS algorithm of Rosolowsky & Leroy (2006). This
algorithm identifies significant emission within a three-
dimensional data cube by searching for pairs of adjacent
pixels with signal-to-noise greater than a user-defined
multiple of σ, the rms noise level per channel. It then in-
cludes all other pixels down to a lower threshold level and
defines each such distinct set as an ”island” of emission.
Finally, individual clouds are decomposed from within
these islands by identifying significant local maxima and
the emission uniquely associated with each such max-
imum, then pruning from this set of candidate clouds
those that have projected area smaller than the synthe-
sized beam, an insufficient contrast in peak brightness as
compared with the nearest merge level, or whose prop-
erties are robust to changes in including or excluding
nearby candidate clouds (see Rosolowsky & Leroy (2006)
for details).
After performing several experiments using various pa-
rameters of the CPROPS algorithm, we ultimately used
the default parameters to decompose our data cube into
GMCs and estimate their properties. In particular, we
selected a minimum threshold signal-to-noise of 4σ to
seed the initial mask, and expanded to include all pix-
els > 2σ to generate the initial set of “islands.” Clouds
were decomposed from within these islands using a mov-
ing box of 15 pc×15 pc×2 km s−1. To ensure all emission
is assigned to a cloud, we used the modified CLUMPFIND
(Williams et al. 1994) routine, which partitions the emis-
sion into the final set of local maxima after the pruning
stage. The measured cloud properties were then cor-
rected for the limited sensitivity of our observations by
extrapolating to a contour of 0 K and corrected for the
limited angular and velocity resolution of the data as de-
scribed in Rosolowsky & Leroy (2006). This final correc-
tion involves deconvolving the spatial beam from the size
of the cloud by subtracting the RMS beam from the ex-
trapolated spatial moments in quadrature. Similarly, the
channel width is deconvolved from the second moment of
the cloud in the velocity dimension (Rosolowsky & Leroy
Fig. 6.— Histogram of the signal-to-noise ratio of the peak bright-
ness temperatures of GMCs. The turquoise and yellow bars repre-
sent resolved and unresolved clouds, respectively.
Fig. 7.— Total integrated intensity (zeroth moment) ALMA
12CO(1-0) map of Henize 2-10 with GMC positions overlaid. The
ellipses represent the deconvolved sizes and position angles of the
resolved GMCs. The colors represent the velocity range of the
GMCs’ central velocities.
2006). For a detailed look at the effects of varying CPROPS
parameters, we refer the reader to Rosolowsky & Leroy
(2006) and Faesi et al. (2018).
4.2. Distributions of Cloud Properties
Using CPROPS as described above we identify 178
clouds, of which 59 are unresolved, meaning that either
their major or minor axis is smaller than the beam prior
to deconvolution. We take the 119 resolved clouds to be
our final sample, the properties for which are listed in
Table 6. A histogram of the signal-to-noise ratio of the
peak brightness temperature of all clouds, both resolved
and unresolved, is presented in Figure 6.
Figure 7 shows the CO integrated intensity map again,
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Fig. 8.— Histogram of the deconvolved aspect ratio of Henize
2-10 GMCs.
this time with ellipses indicating the FWHM sizes and
orientations of the 119 resolved clouds. Many of the
clouds look slightly oblong, which becomes even more
apparent when we calculate the GMC aspect ratios. For
each cloud, we define the aspect ratio as the deconvolved
second moment of the emission along the major axis di-
vided by the deconvolved second moment of the emission
along the minor axis. The median aspect ratios are 1.5
and 1.8 for resolved and unresolved clouds, respectively.
Figure 8 displays a histogram of the aspect ratios of all
clouds. Figure 9 shows the integrated intensity maps
of a sample of individual GMCs in Henize 2-10. In each
panel of this figure, only emission from the isolated GMC
is shown, and nearby clouds or clouds along the line of
sight with different velocities are not displayed. In other
words, for each cloud we apply a 2D mask to each chan-
nel of the data cube and generate an intensity map con-
structed only from pixels assigned to that cloud. Figure
10 displays the average spectra toward the clouds imaged
in Figure 9. In each panel of this figure, emission from all
clouds along the same line of sight toward an individual
given GMC contribute to the average spectrum.
For clouds having projected radius R, one-dimensional
velocity dispersion σv, and CO luminosity LCO, the virial
mass, luminous mass, and surface density are defined as
follows:
Mvir = 1040Rσ
2
v , (3)
Mlum = αCOLCO, (4)
Σ =
Mlum
piR2
, (5)
where R and σv are in units of parsecs and km s
−1, and
we assume the standard Milky Way value for αCO the
CO-to-H2 conversion factor. This calculation for Mvir as-
sumes spherical symmetry and a power law volume den-
sity (ρ) profile ρ ∝ R−1 (Solomon et al. 1987; Bolatto
et al. 2008).
Uncertainties in the independent parameters R, σ2v ,
and LCO are calculated using a bootstrapping method,
which estimates errors by creating several trial samples
from the initial cloud data (Rosolowsky & Leroy 2006),
with 500 iterations. We compute uncertainties in the
derived properties using standard propagation of error
methods.
4.3. The GMC mass spectrum in Henize 2-10
The average luminous mass of our final sample of
resolved GMCs is 7.0 × 105M, and the median is
4.0 × 105 M. The mean and median of all clouds,
both resolved and unresolved clouds, is 5.0×105M and
1.7×105M The mean and median masses of the Santan-
gelo et al. (2009) sample are 3.7× 106 and 3.1× 106M.
These values are likely overestimates, since their obser-
vations had coarser spatial and velocity resolutions, and
because they had a lower sensitivity than ours, prevent-
ing the detection of smaller, lower mass clouds.
We next examine the distribution of GMCs by mass,
or GMC mass spectrum, in Henize 2-10. Here we pa-
rameterize in terms of the cumulative mass distribution
including an upper mass limit M0 to the population (e.g.,
Williams & McKee 1997; Rosolowsky 2005):
N(M ′ > M) = Nu
[(
M
M0
)γ+1
− 1
]
, (6)
where γ is the slope and Nu is the number of clouds with
mass greater than Mu ≡ 21/γ+1M0.
The cumulative mass distribution for Mlum of GMCs
in our final sample is presented in Figure 11. We es-
timate a completeness limit of 1.1 × 105M. We de-
termine this number from the 3-σ observational sensi-
tivity of our 0th-moment map (σ = 14.7 K km s−1),
which we convert to a luminosity, assuming a physi-
cal extent equal to the synthesized beam area (∼ 559
pc2) and a Galactic CO-to-H2 conversion factor of 4.35
M (K km s−1 pc2)−1. We fit the cumulative mass dis-
tribution to the data above the completeness limit us-
ing the mspecfit.pro IDL routine of Rosolowsky (2005),
which implements a maximum likelihood algorithm that
incorporates uncertainties in the cloud mass to solve for
γ, N0, and M0. For the Henize 2-10mass spectrum we
derive a slope of γ = −1.54± 0.10, a truncation mass of
M0 = (4.7± 0.8)× 106 M, and Nu = 19.8± 9.0 clouds.
Most observations of molecular-dominated regions in
the Milky Way and nearby galaxies suggest that the bulk
of clouds have low masses (γ < 0), and the majority of
mass resides in high-mass clouds (γ > −2; e.g., Williams
& McKee 1997; Rosolowsky 2005; Kennicutt & Evans
2012). In this respect, the Henize 2-10 GMC popula-
tion is similar to those in the inner disks of the Milky
Way (e.g., Rice et al. 2016), M31 (Rosolowsky 2007),
M33 (Gratier et al. 2012), and M51 (Colombo et al.
2014). Moreover, the high-mass cutoff and the num-
ber of clouds at the high-mass end of the distribution
is similar to the inner Milky Way. Williams & McKee
(1997) compiled Milky Way GMC masses from Dame
et al. (1986), Solomon et al. (1987), and Scoville et al.
(1987) and determined M0 ≈ 6 × 106 M and Nu = 10
(Heyer & Dame 2015). The GMC mass spectrum slope in
Henize 2-10 also demonstrates a remarkably similar slope
to that measured in the Milky Way (γ = −1.59 ± 0.11
Rice et al. 2016). The mass spectra of less dense re-
gions within galaxies, including the LMC (γ = −2.33;
Wong et al. 2011), the outer disk of M33 (γ = −2.3;
Gratier et al. 2012), and the interarm regions of M51
9Fig. 9.— Integrated intensity maps of a sample of individual GMCs in Henize 2-10. Red ellipses show the deconvolved ellipses and
position angles of clouds, and the numbers indicate the cloud identifications listed in Table 6. Each map is 5′′ × 5′′, and the axes display
the angular separation between the center of a given GMC and the center of starburst region A. The beam size is 0.′′67× 0.′′58.
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Fig. 10.— Average CO spectra toward the sample of individual GMCs displayed in Figure 9. The identification number of each GMC
is printed in the upper left of the panel, and the velocities corresponding to that cloud are indicated in black on the spectrum. Features
beyond that range corresponds to emission in a separate cloud.
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Fig. 11.— Cumulative mass distribution of Henize 2-10 GMCs.
The solid line shows the best-fit truncated power law to the data
above our completeness limit of 1.1×105M. We calculate a power
law slope of γ = −1.54 ± 0.10, a truncation mass of M0 = (4.7 ±
0.8)× 106M, and Nu = 19.8± 9.0 clouds.
(γ = −2.5; Colombo et al. 2014) have steeper slopes than
that of Henize 2-10. This may reflect longer GMC growth
timescales in these more quiescent regions as compared
to inner galaxy disks or spiral arms (Inutsuka et al. 2015).
To test the effects of the completeness limit on the
fitting formalism, we also calculated the mass spectrum
considering a completeness limit of 2 × 105 M(about
twice our nominal completeness). We derive a slope of
γ = −1.70±0.16, a truncation mass of M0 = (5.0±0.9)×
106 M, and Nu = 11.8±6.8 clouds, fully consistent with
the results above. We thus consider our results robust to
completeness effects above our sensitivity limit.
4.4. GMC properties as a function of galactic
environment
Figure 12 shows GMC size, velocity dispersion, lumi-
nous mass, and surface density plotted as a function of
the distance from the center of the galaxy, (corresponding
to the position of starburst region A). These plots pro-
vide clues about how galactic environment may or may
not influence GMC properties. Though there are order
of magnitude variations of these properties, there are no
obvious systematic monotonic trends with distance. We
also experimented with binning the data, but this did
not reveal any systematic trends either. However, we do
observe significant differences between the average prop-
erties of GMCs in the northern and southern regions of
the galaxy.
As discussed in Section 3.1, the bulk of the molecu-
lar mass resides in the northern part of the galaxy, as
do most of the GMCs, and there is a tidal feature in
the south-east that may be the result of a merger. One
can see in Figure 12 that most of the resolved molecu-
lar clouds (111 out of 119) are located within 600 pc of
the galaxy center, while 8 clouds are associated with the
south-east tidal ”tail.” On average, molecular clouds in
the tail are larger (43 ± 7 pc versus 28 ± 5 pc), more
Fig. 12.— GMC properties as a function of distance from the
center of Henize 2-10. From top to bottom panel, size R, velocity
dispersion σ, luminous mass Mlum, and mass surface density Σ.
GMCs associated with the extended feature in the south-east of
the galaxy are indicated with dark blue square symbols.
massive (Mlum = (16.1± 0.6)× 105 M versus 3.6± 0.7
km s−1).
What could explain these differences? If the tail is
indeed the result of a past merger (Kobulnicky et al.
1995), then the higher velocity dispersions of clouds in
this region could be due to tidal interactions. An increase
in size and mass would balance the increase in velocity
dispersion, such that these clouds are in virial equilib-
rium like their northern counterparts (see §4.6). It may
also be that the spatial and kinematic structure of the
molecular gas is more complex in the northern region,
potentially due to the high energy and momentum input
from the massive super star clusters in region A. This
could naturally lead to a higher density of smaller, dis-
crete structures that CPROPS identifies as separate clouds
in the northern region as compared to the southern tail.
In addition, recall that Mlum (and therefore, Σ), is calcu-
lated for all GMCs assuming a single, Galactic value for
the CO-to-H2 conversion factor. Thus, we cannot dis-
entangle inherent variations in the luminous mass and
surface density of clouds from potential variations in the
conversion factor.
4.5. Molecular Clouds in Other Galaxies
To gain further insight into the physics of Henize 2-10
clouds, in the following section we compare their scal-
ing relations to those of clouds in a sample of galaxies
collected from the literature. Here we describe the as-
sembled literature cloud property measurements, which
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Fig. 13.— The size-linewidth relation for GMCs in Henize 2-
10 and a comparison sample of clouds in other galaxies. GMCs
associated with the extended feature in the south-east of the galaxy
are represented by square symbols. The dashed line is the best fit
to the sample of Milky Way GMCs as measured by Heyer et al.
(2001).
Fig. 14.— Size-linewidth coefficient as a function of mass surface
density for GMCs in Henize 2-10 and a comparison sample of clouds
in other galaxies. Σ is determined using Mlum, which is calculated
assuming a Milky Way CO-to-H2 conversion factor. The dotted
line represents the locus of virial equilibrium.
span a range of galactic environments. Heyer et al. (2009)
made new measurements of the properties of Milky Way
disk clouds from the Solomon et al. (1987) catalog. Oka
et al. (2001) studied Galactic Center clouds, observed
at a spatial resolution of 1.4 pc. Wong et al. (2011)
measured cloud properties from CO-bright regions of the
LMC at a resolution of 11 pc. Faesi et al. (2018) mea-
sured the properties of clouds in NGC 300, a spiral galaxy
with a metallicity of roughly 0.6Z (Deharveng et al.
1988). Leroy et al. (2006) investigated clouds in IC 10,
a low-metallicity (∼ 0.3Z Magrini & Gonc¸alves 2009),
at a resolution of 13.5-19.5 pc. And Kepley et al. (2016)
measured the properties of clouds in II Zw 40, a star-
burst dwarf with a metallicity of ∼ 0.25Z (Guseva et al.
2000), at a resolution of 24 pc.
Except for NGC 300 and II Zw 40, the molecular clouds
in each of these galaxies were observed in the 12CO(1-
0) line. Faesi et al. (2018) observed CO(2-1) in NGC
300, and Kepley et al. (2016) used CO(3-2) to identify
clouds in II Zw 40. Both of these studies used standard
assumptions for CO line ratios to derive cloud masses.
The assembled data sets come from studies that had
different observational parameters (e.g., resolution and
sensitivity). However, we note that all the extragalactic
studies to which we compare utilized CPROPS to identify
clouds. Since the Milky Way studies fully spatially re-
solve all objects, CPROPS was not necessary to identify
GMCs in Heyer et al. (2009) and Oka et al. (2001). It
is beyond the scope of this paper to fully homogenize
the methodology and data, though we refer the reader to
Kepley et al. (2016) and Faesi et al. (2018) for stud-
ies that used CPROPS parameters most similar to our
own. Finally, we also note that CPROPS is able to ac-
curately recover the properties of model clouds similar
to real objects in the Milky Way via simulated observa-
tions as if these clouds were at extragalacgtic distances
(Rosolowsky & Leroy 2006).
Our focus here is to broadly compare Henize 2-10
molecular cloud properties with literature data sets and
to explore general similarities or dissimilarities between
the cloud populations. For Henize 2-10 and II Zw 40,
we apply a Milky Way CO-to-H2 conversion factor of
αCO = 4.35 M (K km s−1 pc2)−1 to estimate the lu-
minous mass. Following Leroy et al. (2015), we use a
conversion factor twice this value for LMC clouds, ac-
cording to the recommendation of Wong et al. (2011).
Many studies have shown that Galactic Center clouds ap-
pear to have conversion factors 3–10 times smaller than
disk clouds, likely due to dynamical effects and enhanced
excitation (see Oka et al. 2001; Bolatto et al. 2013, and
references therein). For the Galactic Center clouds, we
apply αCO = 1 M (K km s−1 pc2)−1, following Leroy
et al. (2015). For the Faesi et al. (2018) cloud sample, we
assume the luminous masses reported by these authors.
4.6. The Larson Scaling Relations
More than thirty years ago, Larson (1981) and
Solomon et al. (1987) used millimeter observations to
demonstrate that Milky Way molecular clouds follow
a set of well-behaved relationships between their basic
properties, including size, velocity dispersion, luminos-
ity, and virial mass. Today, the so-called Larson’s Laws
are frequently used to compare extragalactic GMC pop-
ulations to each other and to Galactic clouds. The first
relationship says that the linewidth of molecular clouds
increases with size, according to σv ∼ R0.5 for Galac-
tic clouds. Typically called the size-linewidth relation,
this is a statement that the internal turbulence of clouds
increases as clouds get larger. The second relationship
states that CO luminosity (equivalently, the luminous
mass) scales with the virial mass of molecular clouds.
Assuming that molecular clouds are virialized, this rela-
tionship is often used to determine a CO-to-H2 conver-
sion factor. The last relationship, stating that the mass
scales with size, can be derived from the first two. As
a consequence of the first relationship and virial equilib-
rium, the usual physical interpretation is that all molec-
ular clouds have roughly the same surface density. How-
ever, GMC surface density variations have been observed
between different galaxies or within distinct regions in in-
dividual galaxies, which may reflect local environmental
conditions (e.g., Colombo et al. 2014; Sun et al. 2018). It
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is possible that GMCs in a given environment still have
roughly constant surface density, with the precise value
set by environmental facrtors (Faesi et al. 2018).
4.6.1. Size-linewidth relation
Figure 13 displays the size-velocity dispersion relation
for the resolved clouds in our sample plotted alongside
clouds from other galaxies. Note that the velocity disper-
sion σv differs from the FWHM linewidth by a constant
factor of
√
(8 ln 2). Qualitatively, the Henize 2-10 clouds
appear to occupy a similar region of this parameter space
as those in the disks of the Milky Way and other galax-
ies (both dwarfs and spirals). In contrast, the center of
the Milky Way appears to have much higher linewidth
clouds for a fixed size than those in galaxy disks, includ-
ing Henize 2-10. This may reflect the increased confining
pressure in these environments; we will return to this
point in §5.
Figure 13 shows that Henize 2-10 GMCs in general
seem more similar in size and linewidth to those in the
Milky Way disk and other nearby galaxies than those
in, for example, the Milky Way center. However, there
is a large amount of scatter in our data beyond the er-
ror bars, suggesting that the size and linewidth may not
be well-correlated in Henize 2-10. To explore this for-
mally, we calculate the Pearson correlation coefficient rp
between these quantities. We find that rp = 0.5, with an
associated p-value that rejects the null hypothesis of no
correlation at a significance of 4σ (two-tailed). Size and
linewidth are thus formally correlated in these GMCs
in Henize 2-10, as is the case for GMCs in other galax-
ies, though the relatively low Pearson coefficient demon-
strates that the correlation is not particularly strong.
We conduct a fit to the size and linewidth using non-
linear orthogonal distance regression, which incorporates
uncertainties in both axes into the fit. The derived slope
is 1.31 ± 0.14—much steeper than the value of 0.5 that
has been measured in the Milky Way and NGC 300 (e.g.,
Heyer et al. 2001; Rice et al. 2016; Faesi et al. 2018).
Taken at face value, this could suggest that turbulent
energy dissipation is more efficient for high sonic Mach
numbers than low Mach numbers, a scenario suggested
to qualitatively explain the steep size-linewidth relation
seen in Milky Way Central Molecular Zone (Kauffmann
et al. 2017). Further testing would require detailed com-
parison to numerical simulations, which we defer to fu-
ture studies.
Furthermore, we also note that we have not subtracted
bulk motions from cloud linewidths, so linewidths for
large clouds (which should show larger bulk velocity gra-
dients) may be systematically overestimated, leading to
an overestimation of the size-linewidth power law slope
(i.e., a steeper derived slope than what is actually present
in the data). Furthermore, the residual variance to the
power law fit is 6.4, which, when considered alongside the
relatively low Pearson coefficient, suggests that a power
law is not actually a particularly good model for these
data. We thus caution the over-interpretation of the ex-
act value of this power law slope.
We note that most of the clouds in our sample have
sizes, velocity dispersions, and luminous masses above
the resolution and completeness limits. Based on their
analysis of molecular clouds in NGC 300 at the limit of
spatial resolution, Faesi et al. (2018) discarded clouds
that were less than half the size of the beam size of their
observations. Following Faesi et al. (2018) in defining
half the beam size as our spatial resolution complete-
ness limit (∼ 13 pc), there are are only 9 resolved clouds
in Henize 2-10 with deconvolved radii below this value.
There is only one resolved cloud having a deconvolved
velocity dispersion less than the smoothed velocity res-
olution of 1 km s−1. There are 9 clouds with luminous
masses less than the completeness limit mass of 1.1×105
M. Thus, clouds lying below the completeness or res-
olution limits have a fairly minor effect on the Larson’s
relations.
To further assess how the difference in turbulence at
a fixed size scale is related to the density structure of
GMCs, Figure 14 compares the size-linewidth coefficient
(which can be interpreted as the velocity structure func-
tion coefficient), C = σ2v/R, with the cloud surface den-
sity, Σ (see, e.g. Heyer et al. 2009).
The dashed line in Figure 14 indicates the expectation
for virialized clouds, Σ ≈ 331σ2v/R. The Henize 2-10
GMCs scatter about this line, suggesting that they have
linewidths that approximately balance their level of self-
gravity. As compared to the LMC clouds and Milky Way
disk clouds from the Heyer et al. (2009) study, they are
shifted slightly further upward along the C-Σ relation. In
particular, the Henize 2-10 GMC population median Σ
is larger by a factor of 60% and factor of two than those
of the Milky Way disk and LMC, respectively, while the
Henize 2-10 GMC population median C is larger by a
factor ∼ 2 compared to the other two studies.
In the C-Σ plane, deviations above and below the line
reflect changes in the ratio of kinetic to gravitational po-
tential energy (i.e., virial state), while changes in the
direction along the line can be interpreted as differences
in the ISM pressure in which the clouds are found (Field
et al. 2011; Hughes et al. 2013; Utomo et al. 2015; Faesi
et al. 2018; Sun et al. 2018). Our results thus suggest
that the Henize 2-10 clouds reside in a slightly higher
pressure environment than those in the Milky Way or
LMC. It should be recalled that Mlum is calculated for all
GMCs—in the Henize 2-10 sample and the other galactic
data sets, aside from NGC 300—assuming a single value
within each galaxy for the CO-to-H2 conversion factor
(see §4.4). Thus, it is difficult to disentangle inherent
variations in the surface density from potential varia-
tions in the conversion factor, which we do not account
for (see §4.6.2). We do note that αCO varies among and
within nearby galaxy disks by a factor of about 0.3 dex
(Sandstrom et al. 2013), and so this should be considered
when comparing properties depending on CO luminos-
ity (e.g., mass or surface density) between cloud popu-
lations. Measurements depending on velocity dispersion
and size should be only minimally affected by systematic
errors in the conversion factor, modulo effects of limited
sensitivity to molecular gas mass at low metallicity.
4.6.2. Virial relation
Figure 15 shows the luminous mass versus virial mass
estimates for the Henize 2-10 GMCs. The correlation
is statistically tight, with a Pearson coefficient (in log-
arithmic space) of 0.90. The corresponding p-value is
sufficient to reject the null hypothesis that virial and lu-
minous mass are uncorrelated at the 10σ level. We per-
form a bilinear least-squares fit to the logarithm of the
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Fig. 15.— Virial mass versus luminous mass for Henize 2-10
GMCs and a comparison sample of clouds. Mlum is calculated for
Henize 2-10 GMCs assuming a Milky Way CO-to-H2 conversion
factor of αCO = 4.3 M [K km s−1pc2]−1. The conversion factors
for GMCs in other galaxies are summarized in the text. Henize
2-10 GMCs associated with the extended feature in the south-east
of the galaxy are represented by square symbols. The solid line
indicates the one-to-one relation. Our data are well fit by a power
law with slope 1.2± 0.1, shown by the dashed orange line.
Fig. 16.— Distribution of derived CO-to-H2 conversion factors
for individual GMCs in Henize 2-10, based on their virial masses
and CO luminosities. For comparison, the fiducial Milky Way value
is 4.3 M (K km s−1 pc2)−1 (Bolatto et al. 2013).
masses to derive a slope of 1.2± 0.1. The clouds are on
average near virial equilibrium (i.e., along the one-to-one
locus). In this respect, Henize 2-10 GMCs are similar to
clouds in the molecular ring of the Milky Way, which are
also observed to be in virial equilibrium (Larson 1981;
Solomon et al. 1987; Heyer et al. 2009; Heyer & Dame
2015). The slightly superlinear slope implies that higher
mass clouds are preferentially less bound than lower mass
ones, assuming CO is an equally faithful tracer of molec-
ular gas at all masses. However, we note that (1) the
majority of GMCs in our sample appear to be gravita-
tionally bound (Figures 14 and 15), and (2) our derived
slope is within 2σ of unity, thus we do not further inves-
tigate this possibility.
Assuming the GMCs are in virial equilibrium, we
can estimate the CO-to-H2 conversion factor as αCO =
Mvir/LCO. This method of determining αCO assumes
that the virial mass, Mvir, represents the actual molec-
ular mass of a cloud. The distribution of αCO de-
rived under this assumption is displayed in Figure 16.
The implied conversion factor in Henize 2-10 clouds
ranges from 0.5 to 13, and the median value is 3.7
M (K km s−1 pc2)−1, slightly less than fiducial Galac-
tic value of 4.3 M (K km s−1 pc2)−1 (Bolatto et al.
2013).
If metallicity were the only influence on the CO-to-
H2 conversion factor, and if indeed Henize 2-10 has on
average a sub-solar metallicity, then one might expect
the galaxy to have a higher conversion factor on average,
compared to the Milky Way (e.g., Bolatto et al. 2013).
On the other hand, the conversion factor in starbursts
is expected to be driven down by high molecular gas
temperature and velocity dispersion, which result from
the merger activity and stellar potential in these sys-
tems (e.g., Narayanan et al. 2011; Bolatto et al. 2013).
Values as low as 0.8 M (K km s−1 pc2)−1 have been
adopted for starbursts (e.g., Downes & Solomon 1998).
While Henize 2-10 molecular clouds do not display CO
line widths significantly higher than Milky Way clouds,
we cannot say anything about the gas temperature based
on our observations. Since the metallicity and starburst
effects on αCO described above operate in opposite di-
rections, and we do not have sufficient direct constraints
from our observations, we do not attempt to account for
these effects in our calculations.
If the CO-to-H2 conversion factor depends on luminos-
ity, as shown by previous authors for Milky Way clouds
(e.g., Solomon et al. 1987; Bolatto et al. 2013), then our
derived values for αCO may be a function of the lumi-
nosity range we sample. However we do not observe a
clear trend between αCO and luminosity for Henize 2-
10 clouds, and so any changes in αCO due to luminosity
may be minimized in this galaxy. Ultimately, the val-
ues 3.7 and 4.3 are not all that different from each other;
and so given the many uncertainties in determining αCO,
given that αCO may vary across the galaxy, and for the
sake of comparison with previous studies, we use a single,
Milky Way value for the conversion factor of αCO = 4.3
M (K km s−1 pc2)−1 for this work.
4.6.3. Mass-size relation
We present the relation between GMC luminous mass
and size in Figure 17 alongside a comparison sample from
other galaxies. Henize 2-10 clouds occupy an intermedi-
ate region on the plot between Galactic Center clouds
and NGC 300 clouds. The median surface density is 180
M pc−2, similar to Galactic GMCs in the Molecular
Ring (Heyer & Dame 2015), a point we return to in §5.
However, the precise scaling of the mass-size relation for
Henize 2-10 clouds is quite different from what has been
observed for Galactic clouds.
Mass and size are closely correlated in the Henize 2-
10 GMCs, with a Pearson coefficient of 0.83, and lack
of correlation is ruled out at the 8σ level. A bilin-
ear least-squares fit to the logarithms of the quantities
yields a slope of 3.0± 0.3. This result stands in contrast
to observations of Milky Way GMCs, for which Larson
(1981) found an inverse correlation between volume den-
sity and size, implying that Galactic GMCs have roughly
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Fig. 17.— Luminous mass versus size for Henize 2-10 GMCs
and a comparison sample of clouds. GMCs associated with the
extended feature in the south-east of the galaxy are represented by
square symbols. Lines of constant surface density are shown for
10, 100, and 1000 M pc−2. The best-fit line to the Henize 2-10
data, shown with the dashed orange line, has a slope of 3.0± 0.3.
the same surface density, since Σ ∼ M/R2 ≈ constant.
This same scaling was also found in subsequent studies
of Milky Way clouds (Solomon et al. 1987; Heyer et al.
2009; Lombardi et al. 2010) as well as in NGC 300 Faesi
et al. (2018). To test whether completeness effects alter
our conclusions here, we calculated the best-fit slope for
all Galactic clouds as well as for those only above the
Henize 2-10 completeness limit of 1.1× 105 M. For all
Galactic clouds, the slope is 2.1., while for clouds above
the completeness limit, the slope is 1.7. Since for a given
cloud size, Henize 2-10 has a larger number of more mas-
sive GMCs than does the Milky Way, this suggests that
these more massive clouds drive up the slope in Henize
2-10.
In contrast to the Milky Way, our results suggest that
instead of constant surface density, Henize 2-10 GMCs
have constant volume density. However, this is not a
definitive conclusion, since the apparently steep slope as-
sumes a constant CO-to-H2 conversion factor. Neverthe-
less, while some Galactic data argue for constant surface
density clouds, other studies suggest that environmental
differences give rise to significant physical differences in
surface density (Bolatto et al. 2008; Heyer & Dame 2015;
Utomo et al. 2015). As discussed in Section 4.6.1 (see
Figure 14), ISM pressure may be one such factor that
sets the average surface density of GMC populations in
different environments (Faesi et al. 2018).
5. DISCUSSION
5.1. Comparison with the Milky Way
A key goal of this study was to characterize the molec-
ular gas and GMC properties in Henize 2-10 and to com-
pare them with those in the Milky Way. Our results sug-
gest that despite these two galaxies having significant dif-
ferences in their global properties—including mass, mor-
phology, and specific star formation rate—their GMC
populations have relatively similar mass distributions.
The characteristic masses, sizes, and surface densities of
the GMCs in these two galaxies are also similar. How-
ever, the Henize 2-10 clouds have higher linewidths than
Milky Way clouds by a factor of 50%, on average, sug-
gesting increased turbulence (perhaps due to the star-
burst nature of Henize 2-10) as compared to the Milky
Way disk.
Henize 2-10 has a stellar mass of 3.7×109 M (Reines
et al. 2011), an H I mass of MHI = 3.1×108 M (Sauvage
et al. 1997), and a molecular mass of 1.2×108 M(§3.2),
each about an order of magnitude lower than the those
in the Milky Way, which has stellar, H I, and molecu-
lar masses of 5.2 × 1010M (Licquia & Newman 2015),
8×109M (Kalberla & Kerp 2009), and (1.0±0.3)×109
M (Heyer & Dame 2015), respectively. Reines et al.
(2011) determined the stellar mass for Henize 2-10 using
measurements of the integrated Ks-band flux. Nguyen
et al. (2014) analyzed the g- and r-band surface bright-
ness profiles of Henize 2-10 and from these inferred a
higher stellar mass of (10±3)×109 M, enclosed within
4.3 kpc. In this paper, we adopt the Reines et al. (2011)
estimate for stellar mass, which is in close agreement
with other estimates reported in the literature (e.g., Ko-
rmendy & Ho 2013; Madden et al. 2013).
The SFR in Henize 2-10 is comparable to that of the
Milky Way (1.65 M yr−1; Licquia & Newman 2015).
Using far-infrared observations from Herschel, Madden
et al. (2013) estimated 0.79 M yr−1 for Henize 2-10,
while Reines et al. (2011) use Hα and 24 µm measure-
ments to estimate an SFR of 1.9 M yr−1. With its lower
stellar mass, however, Henize 2-10 has a specific star for-
mation rate (sSFR = SFR/M?) from 6 to 16 times higher
than the Galactic sSFR. Note, if we assume a higher es-
timate of the stellar mass for Henize 2-10 (∼ 1010 M;
Nguyen et al. 2014), its sSFR would be roughly 2–6 times
higher than that of the Milky Way.
Henize 2-10 and the Milky Way have similar gas-to-
stellar-mass fractions, fg ≡ (MHI + MH2)/M?. For
Henize 2-10 fg ≈ 0.12, while in the Milky Way fg ≈ 0.17.
However, Henize 2-10 has a greater proportion of its cold
neutral gas in the form of molecular gas (∼ 28%) than
the Milky Way, which has about 11% of its gas in the
form of H2. It follows that Henize 2-10 has a molecular
gas depletion time-scale, τdep ≡ MH2/SFR, of roughly
0.15 Gyr. The molecular gas depletion time describes
the amount of time it would take for a galaxy to use its
entire supply of molecular gas at its current rate of star
formation, assuming a closed system. While the 0.15 Gyr
for Henize 2-10 is very similar to the molecular depletion
time-scales of individual Milky Way GMCs in the solar
vicinity (Lada et al. 2010, 2012), this is more than an
order of magnitude faster than the ∼ 6 Gyr depletion
time in the Milky Way as a whole when all molecular
gas is included. This suggests that the current burst of
star formation is probably short lived, as the galaxy will
soon run out of star-forming fuel if it is not somehow
replenished quickly.
Saintonge et al. (2011) used 12CO(1-0), optical, and
UV observations of 222 galaxies having stellar masses
in the range 10.0 < logM?/M < 11.5 and redshifts
0.025 < z < 0.05 to investigate the molecular depletion
time-scale. They concluded that τdep has a strong depen-
dence on galaxy specific star formation rate and can be
parameterized as log τdep = −0.44(log sSFR + 10.40) +
8.98, where τdep and sSFR are in units of yr
−1. For
Henize 2-10, the sSFR determined from optical observa-
tions is 1.1 × 109 yr−1, predicting a depletion time of
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τdep ≈ 0.23, in agreement with our above results. Thus,
assuming the Saintonge et al. (2011) relationship can
be extrapolated to lower stellar masses, Henize 2-10 is
most similar to the luminous infrared galaxies observed
by these authors.
Not only does Henize 2-10 have a higher proportion of
molecular gas than the Milky Way, that gas is at a much
higher average density in comparison to the Galaxy.
Heyer & Dame (2015) estimated that the H2 mass within
the solar circle—corresponding to Galactic radii between
roughly 2 to 8.5 kpc—is 6.3-7.5× 108 M, depending on
the Galactic model assumed. This corresponds to an av-
erage surface mass density within the solar circle of 3-3.5
M pc−2. By comparison, the average surface density of
molecular gas in Henize 2-10 is significantly higher, rang-
ing from 97 M pc−2 in the southern tidal tail, to 219
M pc−2 in the northern part of the galaxy where most
of the gas is concentrated (see §3.2). Since the GMCs in
these two galaxies have relatively similar properties, this
large difference in average density could be due to two
potential effects: either the molecular gas in Henize 2-10
has a much higher area (and presumably volume) filling
factor than that of the Milky Way, or there is a large
amount of relatively dense molecular gas not in GMCs
in Henize 2-10. We explore these possibilities below.
Heyer & Dame (2015) reported the surface densities
of GMC populations in the Galactic center, the Molec-
ular Ring, and the outer Galaxy, with values of 1800,
200, and 30 M pc−2, respectively. The surface den-
sities, Σ = Mlum/(piR
2), of Henize 2-10 clouds range
from 71 to 727 M pc−2, with mean and median val-
ues of 232 and 180 M pc−2, respectively, similar to
Galactic GMCs in the Molecular Ring. We note that
Heyer et al. (2009) examined the properties of Molecular
Ring clouds in the Solomon et al. (1987) sample using
13CO data and derived a median surface density of 42
M pc−2. In light of this particular study, Henize 2-10
GMCs seem to have much higher surface densities, on
average, than Molecular Ring clouds. However the sur-
face densities determined by Heyer et al. (2009) should
be considered lower limits due to excitation effects and
diminished 13CO abundances in the low-column-density
regime, and so we focus our comparison to the summary
presented in Heyer & Dame (2015).
The total luminous mass of the 119 cataloged GMCs in
Henize 2-10 is roughly 67% of the mass inferred from the
total observed CO emission, compared to a value of 40%
in the Milky Way (Heyer & Dame 2015). If we take into
account the mass in all 178 clouds, including the unre-
solved clouds, this amounts to ∼ 71% of the total molec-
ular mass in the galaxy. Since the GMC surface densities
are similar between these two galaxies, and Henize 2-10
has a higher fraction of molecular gas in GMCs than the
Milky Way, the higher observed average molecular gas
surface density in Henize 2-10 is primarily a result of a
higher area filling factor as compared to the Milky Way.
This may also explain why the molecular gas depletion
time in Henize 2-10 is as short as that in Milky Way
GMCs: the background molecular gas density is similar
to the average GMC density, and so star formation can
proceed across the galaxy in a manner similar to how it
does in individual Milky Way GMCs.
There are some caveats to consider when evaluating the
Table 3: Total luminous mass in Henize 2-10 GMCs.
Extrapolation? Mtotal Mresolved
Yes 8.8× 107 M 8.3× 107 M
No 5.8× 107 M 5.5× 107 M
Notes. The first column indicates whether the total luminous
mass is measured from clouds whose emission has been extrap-
olated to 0 K. The second column is the total mass in all 178
clouds. The third column indicates the total mass in the final
catalog of 119 resolved clouds.
robustness of the fraction of molecular mass in GMCs.
If the CPROPS cloud identification algorithm missed some
emission that should have been assigned to individual
GMCs, this would lead to underestimates of their mass.
However, we remind the reader that we used the modified
CLUMPFIND parameter (see §4.1), which ensures that all
detected emission is assigned to a detected cloud. More-
over, in measuring cloud properties, CPROPS extrapolates
the sizes of clouds to 0 K to account for the effects of finite
sensitivity. On the other hand, if we have not accounted
for all diffuse, extended emission in the calculation of the
total molecular mass, this would result in an underesti-
mate of the fraction of molecular gas locked up in GMCs,
though we expect this effect to be minor since our total
derived molecular mass is in agreement with the single
dish observed value of Kobulnicky et al. (1995).
Extrapolating the GMC contours to 0 K raises another
potential problem, because the integrated intensity of the
entire galaxy has not been corrected for limited sensitiv-
ity. Extrapolation introduces more emission to clouds
than they would otherwise have and, therefore, leads to
higher mass clouds. In Table 5.1 we provide estimates of
the total luminous mass in GMCs, both extrapolated and
not extrapolated, for the total sample as well as resolved
clouds only. If we compare the total unextrapolated mass
in resolved clouds to the total mass of Henize 2-10, this
lowers the estimated fraction of molecular mass within
Henize 2-10 clouds to about 45%. We note that this re-
flects a rather strict lower limit on this fraction since
unextrapolated cloud masses are systematically underes-
timated in simulated observations at our observed signal-
to-noise (Rosolowsky & Leroy 2006), and since we do not
see evidence for significant extended CO emission missed
in our observations.
5.2. The Relationship Between GMCs and SSCs
In Section 4.4 we investigated the possibility that
galactic environment influences GMC properties. We
found that proximity to starburst region A does not have
a significant impact on size, velocity dispersion, mass,
and surface density. Neither do we measure significant
differences in the virial parameters of clouds in close
proximity to starburst region A. In §4.6.2 we found a
tight, nearly linear correlation among the GMCs between
Mvir andMlum. The virial parameter, αvir = Mvir/Mlum,
is frequently used to parameterize the relationship be-
tween gravitational and kinetic energy in physical sys-
tems, with values near unity indicating virial equilibrium
(Bertoldi & McKee 1992). In a cloud with αvir . 1, grav-
ity is more important than kinetic energy, and the cloud
may be supported by magnetic fields, if it is not collaps-
ing on a free-fall timescale. In a cloud with αvir & 1, ki-
netic energy dominates over gravity, and the cloud must
be confined by external pressure if it is not expanding
and dispersing.
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Fig. 18.— Virial parameter, Mvir/Mlum, as a function of pro-
jected distance from the center of Henize 2-10, (corresponding to
the position of region A). Within the main body of the galaxy,
GMCs closer to the center tend to have smaller virial parameters
than those further away. The dark blue square symbols represent
GMCs in the tidal feature.
For Henize 2-10 clouds, the mean and median values
of αvir are 0.85 and 0.74, respectively, with 71% of the
clouds having αvir < 1. Given the likelihood of a metal-
licity gradient in Henize 2-10 (Cresci et al. 2017, see §3.2),
which would suggest variations in the CO-to-H2 conver-
sion factor across the galaxy, the corresponding calcula-
tions for Mlum and αvir might be expected to shift with
αCO accordingly (see Section 4.6.2), but this shift would
likely be in the sense that clouds would be more gravita-
tionally bound than what we measure.
In Figure 18 we plot αvir as a function of projected
distance from the center of Henize 2-10 for each GMC in
our sample. We find no significant statistical trend with
distance, consistent with the findings of Johnson et al.
(2018), who found that regions of high-density gas near
SSCs do not exhibit preferentially large line widths. This
is interesting, because one might expect that feedback as-
sociated with the starburst region would lead to higher
levels of turbulence in GMCs and, consequently, larger
virial parameters than clouds in a relatively quiescent
part of the galaxy. However, feedback could also lead to
increased compression of the gas, resulting in low virial
parameters. Ultimately, we would benefit from more in-
formation to determine whether this is a real trend that is
probing the underlying physics and chemistry of Henize
2-10. For instance, if metallicity varies systematically
across the galaxy, it might be appropriate to apply a vari-
able CO-to-H2 conversion factor to calculate Mlum for
individual clouds.
Observational studies including Johnson et al. (2000),
Santangelo et al. (2009), and Johnson et al. (2018) have
suggested that the molecular clouds in Henize 2-10 may
be the sites of future super-star clusters. The fraction 
of gas in a GMC that is converted into stars is roughly
5% in the Milky Way (e.g., Williams & McKee 1997;
Evans et al. 2009; Murray et al. 2010), and it may in-
crease to as high as ∼ 35%, as a function of gas surface
density, in luminous starburst galaxies (Murray et al.
2010). Johnson et al. (2000) estimate a total starburst
mass in regions A and B of roughly 1.6-2.6×106 M and
2.6-6.6× 104 M, respectively. Assuming  = 5%, 47 of
the clouds in our catalog, including 5 clouds in the south-
ern ”tail,” currently have enough molecular mass to form
SSCs similar in mass to region B. Of these, 33 clouds—all
in the main body of the galaxy—have virial parameters
less than unity.
It is also possible that the efficiency of converting gas
to stars is greater than 5% in Henize 2-10. For instance,
if the efficiency were as high as 35%, Cloud 112 has suffi-
ciently mass at present (Mlum = 5.1× 106 M) to even-
tually form an SSC with mass comparable to region A.
Whatever the alternatives, it is entirely plausible that,
with their roughly unity virial parameters, and given rea-
sonable efficiencies, the GMCs in Henize 2-10 may be the
precursors of subsequent generations of SSCs.
6. SUMMARY
We presented new 12CO ALMA observations of the
blue compact dwarf galaxy, Henize 2-10. To date, these
are the highest resolution observations of molecular gas
in this galaxy. We used these data to map the spatial and
kinematic structure of the molecular ISM and explore the
properties of giant molecular clouds in Henize 2-10. We
summarize our most salient results:
1. The molecular gas of Henize 2-10 has a complex
morphology, with clumps, ring-like structures, and
high-density peaks of emission. Most of the gas,
about 70%, is concentrated in the north of the
galaxy and is associated with the optical peak,
where most of the starburst activity is taking place.
Assuming a standard CO-to-H2 conversion factor
for the Milky Way Galaxy, we calculate a total
molecular gas mass in the galaxy of (1.2±0.4)×108
M. Roughly 30% of this mass resides to the
south-east in an extended, 320-pc long stream of
gas.
2. Henize 2-10 has a velocity gradient in the molecular
gas within the inner 70 pc around starburst region
A, consistent with solid body rotation. Assuming
edge-on rotation, the gradient implies a lower limit
to the dynamical mass of 2.7× 106 M. The com-
bined mass of the star clusters and the supermas-
sive black hole candidate in the region is roughly
4 × 106 M, suggesting that the stars and poten-
tial SMBH make the dominant contribution to the
dynamical mass, unless the structure has a lower
inclination. Given the total mass within 70 pc of
starburst region A, including 6×106 M of molec-
ular gas, we constrain the inclination to 31◦ − 35◦.
3. We used the CPROPS algorithm (Rosolowsky &
Leroy 2006) to identify molecular clouds in the
three-dimensional data set. We identify 178 GMCs,
of which 119 are resolved and are used for our
final sample. The clouds have median proper-
ties similar to those in the Molecular Ring of the
Milky Way, including size (26 pc), luminous mass
(4.0×105 M), and surface density (180 M pc−2)
for Henize 2-10 clouds. Henize 2-10 GMC velocity
dispersions (median 3.2 km s−1), are about a factor
50% higher, at the same mass or size, than those
in the Milky Way.
4. Henize 2-10 GMCs have a mass spectrum with a
power law slope of −1.54 ± 0.10 and a truncation
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mass of (4.7±0.8)×106 M, remarkably consistent
to that measured for Milky Way clouds.
5. The size-linewidth relation for GMCs in Henize 2-
10 shows a large amount of scatter but these prop-
erties are formally correlated at the 4σ level based
on the Pearson coefficient. Overall, the GMCs oc-
cupy a similar region of the size-linewidth param-
eter space as clouds in the disks of the Milky Way
and other galaxies, but the formal slope of the size-
linewidth relation in Henize 2-10 is 1.3, significantly
steeper than that in the comparison samples.
6. The luminous mass versus virial mass relationship
for Henize 2-10 GMCs shows a high degree of cor-
relation and a slope of 1.2 ± 0.1. The Henize 2-10
clouds also lie along the locus of gravitational equi-
librium in the size-linewidth coefficient – surface
density plane, though slightly higher in both pa-
rameters than disk galaxy clouds to which we com-
pare. This supports the conclusion that the Henize
2-10 clouds are largely in or near virial equilibrium.
7. Assuming a constant CO-to-H2 conversion factor,
Mass and size are closely correlated in the Henize
2-10 GMCs, with a slope of 3.0 ± 0.3. Our results
suggests that, in contrast to the Milky Way, instead
of constant surface density, Henize 2-10 GMCs have
constant volume density.
8. The average molecular gas surface density in
Henize 2-10 is a factor of 30 to 70 higher than in the
Milky Way disk, despite the fact that their GMC
surface densities are similar. This reflects the fact
that the molecular gas filling factor in Henize 2-10
is close to unity.
9. The most massive GMCs in Henize 2-10 are poten-
tial sites for future super-star clusters because (1)
they have near-unity virial parameters, so they are
gravitationally bound and thus can form stars; and
(2) given a reasonable efficiency of converting gas
to stars (as low as ∼ 5%) they will form clusters
with masses in the range of the existing SSCs in
the galaxy.
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Table 4: Properties of Henize 2-10 GMCs.
Cloud R.A. Dec. v0 R σv Mlum Mvir Tmax
(J2000) (km s−1) (pc) (km s−1) (105M) (105M) (K)
1 08:36:15.20 -26:24:37.5 787.6 21.6± 6.6 2.7± 0.7 1.6± 0.6 1.6± 0.9 4.6
2 08:36:15.18 -26:24:37.2 794.8 12.1± 3.4 3.7± 0.7 2.3± 0.5 1.7± 0.9 5.0
3 08:36:15.94 -26:24:43.3 799.0 28.1± 4.5 2.7± 0.6 2.9± 0.6 2.2± 1.1 5.8
4 08:36:15.92 -26:24:43.1 807.8 38.1± 3.6 5.2± 0.7 9.8± 0.9 10.6± 3.2 7.9
5 08:36:15.38 -26:24:32.3 806.0 18.1± 6.0 4.8± 1.1 2.5± 0.5 4.4± 2.3 5.2
6 08:36:15.59 -26:24:38.0 806.2 25.7± 3.7 4.8± 0.6 5.6± 0.6 6.1± 1.9 7.3
7 08:36:15.67 -26:24:38.6 811.7 11.0± 5.5 2.3± 0.7 1.2± 0.3 0.6± 0.4 5.7
8 08:36:15.56 -26:24:37.1 814.4 36.0± 3.2 4.5± 0.5 7.9± 0.5 7.6± 1.7 8.1
9 08:36:15.66 -26:24:40.0 817.2 22.5± 9.3 2.8± 1.1 1.4± 0.5 1.8± 1.6 4.9
10 08:36:15.23 -26:24:38.2 818.3 44.0± 3.7 7.0± 0.8 12.9± 0.6 22.4± 5.9 8.8
11 08:36:15.59 -26:24:35.1 825.1 38.4± 3.8 3.1± 0.5 6.4± 0.7 3.7± 1.2 6.1
12 08:36:15.59 -26:24:41.1 828.3 30.6± 5.4 3.4± 0.7 3.9± 1.0 3.7± 1.8 4.9
13 08:36:15.19 -26:24:38.2 830.2 41.2± 4.1 3.2± 0.2 8.0± 0.5 4.3± 0.8 10.4
14 08:36:15.33 -26:24:31.8 823.4 43.3± 2.2 6.4± 0.4 24.1± 1.0 18.5± 2.3 11.0
15 08:36:15.30 -26:24:30.6 830.0 19.1± 2.9 4.2± 0.6 4.2± 0.4 3.6± 1.1 7.9
16 08:36:15.42 -26:24:32.3 834.0 24.8± 5.5 2.5± 0.4 2.5± 0.3 1.6± 0.7 6.5
17 08:36:15.73 -26:24:41.4 835.1 15.8± 6.5 3.5± 1.1 1.5± 0.4 2.1± 1.4 6.0
18 08:36:15.26 -26:24:31.2 835.9 51.7± 3.9 3.9± 0.3 11.4± 0.6 8.3± 1.5 11.5
19 08:36:15.61 -26:24:41.3 835.5 25.3± 5.9 3.4± 0.7 2.5± 1.1 3.0± 1.5 4.7
20 08:36:15.34 -26:24:37.6 831.7 31.7± 2.2 5.1± 0.4 13.2± 0.6 8.6± 1.4 10.8
21 08:36:15.57 -26:24:34.9 834.5 48.8± 2.7 4.3± 0.3 17.9± 0.7 9.3± 1.3 8.8
22 08:36:15.35 -26:24:35.1 833.4 20.5± 2.6 5.2± 0.3 9.4± 0.4 5.7± 1.0 12.2
23 08:36:15.37 -26:24:31.7 838.3 39.5± 4.8 3.5± 0.5 5.9± 0.6 5.0± 1.6 6.4
24 08:36:15.60 -26:24:39.9 830.6 57.6± 3.8 7.0± 0.5 20.4± 1.0 29.5± 4.8 8.7
25 08:36:15.43 -26:24:37.5 838.8 29.6± 3.2 4.5± 0.4 7.3± 0.4 6.3± 1.3 9.4
26 08:36:15.57 -26:24:37.6 828.7 49.8± 1.8 7.7± 0.3 41.4± 1.2 31.1± 3.0 11.1
27 08:36:15.28 -26:24:31.9 839.6 33.3± 3.4 4.1± 0.5 6.8± 0.4 5.8± 1.6 10.6
28 08:36:15.53 -26:24:41.0 839.5 44.8± 5.2 4.1± 0.5 7.8± 1.1 7.8± 2.2 7.0
29 08:36:15.36 -26:24:37.4 841.4 19.5± 2.8 3.5± 0.5 4.8± 0.4 2.5± 0.9 10.6
30 08:36:15.32 -26:24:30.4 842.4 21.2± 3.3 3.0± 0.5 3.3± 0.6 2.0± 0.7 6.9
31 08:36:15.40 -26:24:40.1 843.1 12.4± 4.3 1.8± 0.6 1.2± 0.7 0.4± 0.3 4.5
32 08:36:15.56 -26:24:37.2 843.1 25.8± 3.1 2.1± 0.2 4.6± 0.4 1.2± 0.3 11.0
33 08:36:15.41 -26:24:41.0 843.6 22.1± 13.6 2.8± 1.0 1.1± 0.6 1.8± 1.8 4.0
34 08:36:15.54 -26:24:35.7 848.4 36.9± 2.1 7.5± 0.4 22.3± 1.0 21.4± 2.4 10.6
35 08:36:15.25 -26:24:32.6 843.0 44.7± 3.2 3.1± 0.3 10.3± 0.5 4.6± 0.9 11.3
36 08:36:15.36 -26:24:31.3 843.8 29.4± 5.8 3.1± 0.7 2.8± 0.6 2.9± 1.5 6.2
37 08:36:15.56 -26:24:40.2 848.8 49.4± 2.5 5.5± 0.3 22.7± 1.2 15.4± 1.8 8.5
38 08:36:15.49 -26:24:43.2 844.2 10.0± 7.0 2.5± 1.1 1.1± 0.5 0.7± 0.7 4.2
39 08:36:15.18 -26:24:38.2 847.8 44.0± 1.9 7.8± 0.3 32.8± 0.9 27.8± 2.8 11.2
40 08:36:15.31 -26:24:35.1 844.5 26.7± 2.7 3.2± 0.3 7.7± 0.4 2.8± 0.7 13.0
41 08:36:15.57 -26:24:38.1 844.5 37.7± 4.1 4.1± 0.3 11.3± 0.5 6.7± 1.4 9.7
42 08:36:15.18 -26:24:31.4 844.3 19.5± 5.6 2.0± 0.4 1.4± 0.4 0.8± 0.4 5.7
43 08:36:15.42 -26:24:40.7 850.4 16.3± 7.5 2.6± 1.1 1.4± 0.7 1.1± 1.2 4.0
44 08:36:15.47 -26:24:34.2 846.9 31.3± 4.9 2.3± 0.4 4.0± 0.5 1.8± 0.6 7.6
45 08:36:15.18 -26:24:31.4 848.6 19.5± 4.5 1.8± 0.5 1.2± 0.3 0.6± 0.4 6.4
46 08:36:15.51 -26:24:37.5 850.0 47.3± 3.4 3.1± 0.2 11.7± 0.5 4.7± 0.9 10.6
47 08:36:15.26 -26:24:32.1 849.6 49.1± 4.1 2.1± 0.2 10.2± 0.5 2.3± 0.6 12.1
48 08:36:15.34 -26:24:30.4 852.4 18.5± 8.1 4.4± 1.2 2.2± 0.8 3.7± 2.6 5.0
49 08:36:15.43 -26:24:39.4 849.5 14.4± 5.3 1.7± 0.6 1.4± 0.5 0.5± 0.4 4.6
50 08:36:15.09 -26:24:37.7 850.2 44.9± 3.2 5.6± 0.4 15.4± 0.8 14.7± 2.2 8.6
51 08:36:15.32 -26:24:35.2 863.0 37.3± 2.4 8.5± 0.4 26.5± 0.7 27.8± 2.8 12.9
52 08:36:15.48 -26:24:34.4 852.2 18.3± 5.0 2.4± 0.6 1.9± 0.3 1.1± 0.6 7.4
53 08:36:15.15 -26:24:30.5 851.8 29.7± 4.1 5.0± 0.7 6.0± 0.5 7.7± 2.8 6.9
54 08:36:15.51 -26:24:43.3 855.8 37.1± 5.8 5.2± 0.8 7.6± 1.4 10.5± 3.2 6.3
55 08:36:15.38 -26:24:39.6 853.6 17.1± 6.0 2.0± 0.6 1.4± 0.3 0.7± 0.5 6.0
56 08:36:15.55 -26:24:39.4 854.9 31.7± 5.6 2.1± 0.4 2.4± 0.5 1.5± 0.7 6.8
57 08:36:15.41 -26:24:34.2 853.6 29.9± 4.3 2.7± 0.4 3.7± 0.4 2.3± 0.7 6.6
58 08:36:15.53 -26:24:42.0 862.4 56.0± 4.4 8.6± 0.7 15.4± 1.2 43.5± 9.1 6.3
59 08:36:15.39 -26:24:39.9 855.7 12.8± 8.4 1.1± 0.7 0.4± 0.3 0.2± 0.2 5.4
60 08:36:15.53 -26:24:37.6 856.8 45.5± 3.3 2.2± 0.2 8.5± 0.7 2.4± 0.5 8.5
61 08:36:15.13 -26:24:34.4 853.8 23.4± 2.8 4.0± 0.4 6.6± 0.4 3.9± 1.0 8.0
62 08:36:15.25 -26:24:32.8 856.3 54.0± 2.5 4.0± 0.3 19.9± 0.7 8.8± 1.2 13.9
63 08:36:15.37 -26:24:39.7 859.7 16.7± 6.5 2.1± 0.6 1.1± 0.3 0.8± 0.6 5.9
64 08:36:15.40 -26:24:34.2 859.0 30.5± 4.5 1.3± 0.2 3.1± 0.3 0.5± 0.1 8.3
65 08:36:15.37 -26:24:42.7 863.7 22.0± 10.6 2.9± 1.7 1.1± 0.5 1.9± 2.4 4.5
66 08:36:15.34 -26:24:40.9 862.0 13.6± 8.4 2.8± 1.0 1.4± 0.4 1.1± 1.2 5.1
67 08:36:15.02 -26:24:39.1 861.4 21.2± 7.0 3.5± 0.8 1.8± 0.6 2.7± 1.5 5.6
68 08:36:15.08 -26:24:38.7 862.6 42.1± 5.9 3.0± 0.3 5.2± 0.7 3.9± 1.1 7.9
69 08:36:15.42 -26:24:35.4 859.7 13.2± 9.4 1.5± 0.9 0.7± 0.4 0.3± 0.4 4.0
70 08:36:15.51 -26:24:37.9 864.9 36.9± 3.9 3.5± 0.4 7.0± 0.7 4.6± 1.0 6.5
71 08:36:15.48 -26:24:35.2 863.8 17.7± 3.9 3.9± 0.6 3.7± 0.4 2.8± 1.0 7.0
72 08:36:15.10 -26:24:34.4 865.4 35.4± 2.8 5.2± 0.3 14.1± 0.6 9.9± 1.5 10.6
73 08:36:15.40 -26:24:34.2 865.6 30.6± 3.5 2.7± 0.3 6.0± 0.4 2.4± 0.6 8.8
74 08:36:15.52 -26:24:40.1 865.1 49.5± 4.7 3.7± 0.3 11.3± 0.9 7.2± 1.4 7.9
75 08:36:15.50 -26:24:36.5 864.6 30.4± 3.8 3.1± 0.5 4.2± 0.5 3.1± 1.0 6.9
76 08:36:15.22 -26:24:32.4 865.0 29.7± 3.3 2.4± 0.2 7.1± 0.4 1.8± 0.4 13.5
77 08:36:15.01 -26:24:39.1 869.2 31.6± 7.9 2.6± 0.5 2.4± 0.7 2.1± 1.0 4.5
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TABLE 1 – continued
Cloud R.A. Dec. v0 R σv Mlum Mvir Tmax
(J2000) (km s−1) (pc) (km s−1) (105M) (105M) (K)
78 08:36:15.10 -26:24:38.8 869.0 19.5± 5.7 3.1± 1.1 1.7± 0.4 2.0± 1.5 6.1
79 08:36:15.20 -26:24:32.4 873.5 23.0± 2.8 4.8± 0.5 8.1± 0.4 5.5± 1.5 12.6
80 08:36:15.31 -26:24:40.9 874.1 31.5± 5.9 4.4± 0.7 4.2± 0.8 6.2± 2.5 5.1
81 08:36:15.44 -26:24:41.2 871.3 24.4± 7.9 2.1± 0.6 1.7± 0.5 1.1± 0.8 4.7
82 08:36:15.49 -26:24:36.6 870.5 22.6± 6.3 1.2± 0.3 1.6± 0.3 0.3± 0.2 6.8
83 08:36:15.50 -26:24:39.9 873.0 44.9± 5.6 2.8± 0.4 5.2± 0.6 3.6± 1.1 7.0
84 08:36:15.39 -26:24:40.1 873.3 5.3± 5.8 1.0± 0.7 0.4± 0.2 0.1± 0.1 4.7
85 08:36:15.50 -26:24:38.3 875.4 34.1± 5.7 2.5± 0.5 3.2± 0.4 2.2± 0.8 6.9
86 08:36:15.48 -26:24:36.6 876.7 15.7± 7.7 3.1± 1.1 1.4± 0.3 1.6± 1.5 5.4
87 08:36:15.00 -26:24:32.1 875.2 20.0± 8.3 1.3± 0.7 1.0± 0.3 0.3± 0.4 4.7
88 08:36:15.51 -26:24:39.6 878.5 35.9± 5.3 3.9± 0.6 5.0± 0.6 5.6± 1.8 6.1
89 08:36:15.00 -26:24:32.4 878.2 19.8± 8.0 1.5± 0.7 0.9± 0.2 0.5± 0.5 5.5
90 08:36:15.01 -26:24:34.2 876.9 39.2± 2.9 3.9± 0.3 10.6± 0.5 6.1± 1.1 10.6
91 08:36:15.44 -26:24:41.4 882.8 14.6± 7.4 2.3± 1.3 1.1± 0.5 0.8± 1.0 3.9
92 08:36:15.42 -26:24:40.2 880.6 9.0± 4.8 3.5± 0.6 1.5± 0.5 1.1± 0.7 4.2
93 08:36:15.51 -26:24:38.2 881.2 14.5± 6.7 1.7± 0.6 1.0± 0.3 0.4± 0.4 5.5
94 08:36:15.05 -26:24:34.1 881.8 20.3± 3.3 2.6± 0.4 3.2± 0.3 1.4± 0.5 9.3
95 08:36:15.09 -26:24:35.2 882.2 26.3± 3.7 3.2± 0.5 3.7± 0.5 2.8± 0.9 6.0
96 08:36:15.43 -26:24:38.7 888.3 38.2± 3.7 4.4± 0.6 7.1± 0.7 7.7± 2.2 6.4
97 08:36:15.08 -26:24:35.2 892.7 19.9± 5.8 4.5± 1.0 2.7± 0.6 4.3± 2.2 4.9
98 08:36:15.04 -26:24:33.9 890.5 17.2± 2.5 3.8± 0.4 5.6± 0.4 2.6± 0.6 9.3
99 08:36:14.99 -26:24:33.6 889.3 24.3± 4.1 3.3± 0.4 4.7± 0.4 2.8± 0.9 10.5
100 08:36:14.99 -26:24:32.6 887.7 11.9± 5.1 1.8± 0.5 1.3± 0.3 0.4± 0.3 7.8
101 08:36:15.40 -26:24:40.1 890.4 29.2± 10.3 3.0± 0.7 2.2± 0.7 2.8± 1.4 4.8
102 08:36:15.44 -26:24:38.5 897.3 40.0± 5.2 2.1± 0.3 4.6± 0.4 1.8± 0.6 6.6
103 08:36:15.05 -26:24:33.7 901.6 14.4± 2.2 4.3± 0.6 4.4± 0.4 2.8± 0.9 9.0
104 08:36:15.44 -26:24:39.7 900.8 16.8± 9.7 2.8± 1.1 1.1± 0.4 1.4± 1.3 4.4
105 08:36:14.99 -26:24:33.3 900.8 20.0± 2.1 6.7± 0.7 9.2± 0.4 9.4± 2.2 10.0
106 08:36:15.43 -26:24:38.6 902.8 33.4± 4.9 2.6± 0.4 2.8± 0.5 2.4± 0.9 5.9
107 08:36:15.45 -26:24:38.5 906.1 23.9± 4.5 3.0± 0.5 3.0± 0.4 2.2± 0.8 7.4
108 08:36:15.58 -26:24:51.7 825.2 76.7± 4.5 7.8± 0.7 30.0± 3.2 48.2± 9.3 7.3
109 08:36:15.67 -26:24:54.8 829.3 13.6± 11.2 2.7± 1.3 1.4± 0.8 1.0± 1.4 7.8
110 08:36:15.73 -26:24:52.5 822.5 69.4± 4.9 6.0± 0.6 29.8± 3.2 25.8± 6.2 8.4
111 08:36:15.87 -26:24:49.5 831.2 28.4± 11.8 1.6± 0.8 1.9± 0.6 0.8± 0.9 6.3
112 08:36:15.88 -26:24:48.6 823.9 72.3± 3.0 10.1± 0.6 51.1± 2.9 76.0± 8.9 9.7
113 08:36:15.74 -26:24:48.1 836.7 10.4± 5.5 3.2± 1.5 1.5± 0.8 1.1± 1.4 4.7
114 08:36:15.65 -26:24:49.9 843.8 43.0± 6.5 6.9± 1.1 10.2± 1.9 21.4± 7.6 8.0
115 08:36:15.09 -26:24:36.2 817.9 17.2± 7.2 6.3± 1.9 2.4± 0.7 7.1± 5.1 4.5
116 08:36:14.68 -26:24:36.6 860.7 13.9± 5.1 4.7± 0.9 2.8± 0.8 3.1± 1.6 4.7
117 08:36:14.70 -26:24:35.3 878.2 14.6± 3.0 5.0± 0.6 4.2± 0.4 3.8± 1.3 7.4
118 08:36:14.42 -26:24:24.7 880.1 19.2± 5.2 4.4± 1.2 3.1± 0.7 3.8± 2.1 6.4
119 08:36:14.47 -26:24:34.1 887.2 22.9± 5.2 4.2± 1.1 3.3± 0.8 4.3± 2.3 4.6
